Abstract⎯2-Mercapto-5-benzimidazolesulfonic acid (MBI), also noncovalently bound to a silica surface, is proposed as a reagent for the low-temperature luminescence determination of Cu(I), Ag(I), Au(I), and Pt(II). Luminescence excitation and luminescence spectra of metal complexes with MBI in solutions and on the adsorbent surface represent broad unstructured bands in the regions 250-400 and 450-700 nm, respectively. The developed procedures for the luminescence and sorption-luminescence determination of Cu, Ag, Au, and Pt with limits of detection at a level of 0.001-0.01 μg on 0.1 g of adsorbent are tested in the determination of metals in natural and industrial samples.
Platinum, gold, and silver are widely used in the electrotechnical industry and catalyst production. Copper plays an important role in the metabolism of humans and animals and comes to living organisms with food and water. A promising method for the determination of low concentrations of elements is luminescence spectroscopy, which is characterized by the simplicity of instrumentation, low limits of detection, and rather high selectivity. Among the procedures for the luminescence determination of elements, versions based on the use of the phenomenon of "intrinsic" luminescence, i.e., luminescence due to a radiative state with the participation of electrons of the complexant metal ion [1] seem most attractive. Such luminescence at 77 K is characteristic for complexes of Cu(I), Ag(I), Au(I), and Pt(II) with organic reagents bearing donor sulfur atoms [2] [3] [4] [5] .
To separate metals from concomitant components, luminescence determination is combined with sorption preconcentration. The use of silicas, possessing no intrinsic color and luminescence, ensures the attainment of the lowest limits of detection. Silicas chemically modified by sulfur-containing functional groups, i.e., thiourea derivatives [6] , mercaptoproropyl [7] [8] [9] , dithiocarbamate [10] , thiadiazole-thiol [11] groups, or noncovalently modified unithiols [12] were proposed for the sorption-luminescence determination of Cu(I), Ag(I), Au(I), Pt(II) in the adsorbent phase. Mercaptoproropyl groups [7] [8] [9] or unithiol [12] do not absorb in the UV and visible spectrum regions and form luminescent complexes with Cu(I), Ag(I), and Au(I), but not with Pt(II), while N- (1,3,4- thiodiazol-2-thiol)-N'-propylurea groups covalently attached to a silica surface [11] absorb in the UV region and form luminescent complexes both with Pt(II) and with Cu(I), Ag(I), and Au(I).
The derivatives of 2-mercaptobenzimidazole forming complexes with Au(I) and Pt(II), intensively luminescent at low temperatures [13, 14] , are of interest for the sorption-luminescence method as reagents for the synthesis of adsorbents. 2-Mercapto-5-benzimidazolesulfonic acid was attached to the silica surface by a method based on the preliminary modification of the silica surface by polyhexamethylene guanidine [12, 15] .
The aim of this work was to study the luminescence properties of Cu(I), Ag(I), Au(I), and Pt(II) complexes with MBI formed in aqueous solutions and on the surface of silicas consecutively modified by polyhexamethylene guanidine and MBI and to develop procedures for the low-temperature luminescence and sorption-luminescence determination of Cu(I), Ag(I), Au(I), and Pt(II).
ARTICLES EXPERIMENTAL
Reagents. Stock solutions of Au(III), Pt(IV), and Pt(II) of the concentration 1 g/L were prepared by dissolving weighed portions of chemically pure HAuCl 4 , Na 2 PtCl 6 , and K 2 PtCl 4 preparations in 2 M HCl. Stock solution of Ag(I) (500 mg/L) was prepared by dissolving AgNO 3 of chemically pure grade in 6 M HCl. Silver(I) solutions of the concentration down to 100 mg/L in 2 M HCl were stable within one month and those of the concentration to 1 mg/L in 0.01 M HCl, within one day. A stock solution of copper(II) of the concentration 100 mg/L was prepared from a standard sample of the composition of copper ions (GSO 7255-96). Working solutions with lower concentration of metals ions were prepared by diluting stock solutions. Solutions of alkali, alkaline-earth, and nonferrous metals of the concentration 1 g/L were prepared by dissolving their chlorides of cp grade in 0.1 M HCl. The necessary pH value was created using high-purity HCl and NaOH. A 1% solution of polyhexamethylene guanidinium chloride (PHMG) was prepared from a weighed portion of a commercial BIOPAG-D preparation, containing ~98% of the polymer. A solution of sodium 2-mercapto-5-benzimidazolesulfonate was prepared by dissolving a weighed portion of a commercial preparation from Sigma in distilled water. The adsorbent was synthesized on the basis of silica Silochrome C-80 (fraction 0.1-0.2 mm, specific surface 80 m 2 /g, average pore diameter 50 nm).
Equipment. Spectra of luminescence excitation and luminescence spectra of metal complexes with MBI in frozen aqueous solutions and on the adsorbent surface were recorded at 77 K using an SDL-2 spectrofluorimeter (LOMO, Russia). The lifetime of luminescence of metal complexes with MBI was measured on an LS-55 spectrofluorimeter (Perkin Elmer, United States). Luminescence intensity was recorded on a spectrofluorimeter assembled on the basis of an MDR-4 monochromator. The excitation source was an SVD-120A quartz mercury lamp with an UFS-2 light filter. The cell compartments of the spectrofluorimeter allowed work at the temperature of liquid nitrogen (77 K). The absorbance of solutions was recorded on a Lambda 35 spectrophotometer (Perkin Elmer, United States). The concentration of metals in solutions was determined by inductively coupled plasma atomic emission spectrometry (ICP AES) on an Optima 5300DV spectrometer (Perkin Elmer, United States). A Seveneasy potentiometer (MettlerToledo, Spain) with a combined InLab Expert Pro electrode was used to measure the pH of solutions.
Experimental procedure. In the study of the conditions of formation of luminescent Cu(I), Ag(I), Au(I), and Pt(II) complexes with MBI, 25 μg of a corresponding metal ion in solution and 0.1-1 mL of a 0.001 M MBI solution were placed in a 25-mL flask, HCl or NaOH were added to create the necessary acidity, and the mixture was brought to the mark with distilled water and allowed to stand for 5-30 min. An aliquot portion of the solution (0.5 mL) was placed in a steel cell, cooled to the temperature of liquid nitrogen, and luminescence intensity, spectrum of luminescence excitation, and luminescence spectrum were recorded.
Silica was modified with polyhexamethylene guanidine by the procedure described in [15] and a SiO 2 -PHMG adsorbent was obtained. The SiO 2 -PHMG-MBI adsorbent was prepared by treating the SiO 2 -PHMG adsorbent with aqueous MBI solutions. Concentrations of MBI in aqueous solutions before sorption were determined by spectrophotometry from the absorbance of the reagent at 305 nm.
In the study of the sorption of metals ions in the batch mode at room temperature, 20 mL of a solution of a corresponding metal ion, Cu(II), Ag(I), Au(III), Pt(II), or Pt(IV), was placed in a 20-mL graduated test tube with a ground-glass stopper, HCl or NaOH were added to create the necessary acidity, and water was added to 10 mL. Next, 0.100 g of a SiO 2 -PHMG-MBI adsorbent was placed in the test tube and the test tube was closed with a stopper and stirred within 1-30 min. After sorption, the solution was separated by decantation, the adsorbent was transferred to a steel cell, cooled to the temperature of liquid nitrogen, and luminescence intensity, spectrum of luminescence excitation, and luminescence spectrum were recorded. The concentration of metals in solutions before sorption was determined by ICP AES.
Sorption in the dynamic mode was carried out by passing metals ion solutions through a glass minicolumn with an inner diameter of 3 mm and height 5 cm, which contained 0.100 g of an SiO 2 -PHMG-MBI sorbent, at a rate of 0.5-5 mL/min.
RESULTS AND DISCUSSION
Luminescence of Cu(I), Ag(I), Au(I), and Pt(II) complexes with MBI in aqueous solutions. The interaction of Cu(II), Ag(I), Au(III), Pt(II), and Pt(IV) with MBI in aqueous solutions in the range 4 M HCl-pH 7 gave complex compounds, which possessed yelloworange (Cu, Ag, Au) and red (Pt) luminescence at 77 K on their irradiation by UV light. The luminescence of silver(I) complexes with MBI was observed in the range pH 4-7. On the interaction with MBI, Au(III) was reduced to Au(I), Cu(II) to Cu(I), Pt(IV) to Pt(II), and MBI was oxidized to bis(2-benzimidazole) disulfide (BIDS) [16] .
Spectra of luminescence excitation ( 490 (Au), and 610 (Pt) nm. The maximum of the luminescence spectrum of the silver(I) complex with MBI at pH 4 was at 520 nm ( Table 1 ). The luminescence intensity of platinum (II) complexes with MBI was three times higher than the luminescence intensity of gold(I) complexes with MBI ( Fig. 1 ). In the transition from 1 M HCl to pH 4, the positions of maxima of the spectra of luminescence excitation and luminescence slightly shifted (Table 1) , but their shapes remained unchanged. The maximum of luminescence intensity of Cu(I), Ag(I), Au(I), and Pt(II) complexes with MBI was reached within 5 min after mixing the reagent solutions. Longer time (20 min) was necessary for the development of the maximum luminescence intensity of the Pt(II) complex with MBI using an initial solution of Pt(IV), which was due to the reduction of Pt(IV) to Pt(II).
The luminescence intensity of Cu(I), Au(I), and Pt(II) complexes with MBI in 1-4 M HCl (Fig. 2) was three times higher than that in the range pH 2-7. The formation of luminescent Ag(I) complexes in dilute HCl solutions was not observed.
On the UV irradiation of frozen (77 K) solutions of Au(I) and Pt(II) complexes with MBI, the intensity of their luminescence remained constant for a long time and, for Ag(I) and Cu(I) complexes with MBI, luminescence intensity decreased to the complete disappearance of luminescence within 30 min.
The shapes of luminescence spectra, the difference in the arrangement of luminescence excitation and luminescence spectra, the emergence of luminescence only at 77 K and the lifetimes of luminescence being 50-80 μs allow us to assign the luminescence of Cu(I), Ag(I), Au(I), and Pt(II) complexes with MBI to dd*-phosphorescence due to electron transitions between d levels of the complexant metal ion. As the absorption spectra of the reagent and metal ions contained no absorption bands corresponding to bands in the luminescence excitation spectra of complexes, we recorded absorption spectra of metal complexes with MBI in solutions. As an example, Fig. 3 presents -330  560   Ag  --335  520  --330  515  Au  330  490  328  595  325  505  330  580  Pt  310  610  330  620  330  610  335  610 absorption spectra of Cu(I) and Pt(II) solutions with MBI. It can be seen that, along with intense absorption bands with maxima at 245 and 305 nm, which belong to the reagent, the absorption spectra of the specified solutions also exhibited a band in the region 320-370 nm, which for Pt(II) complexes with a number of sulfur-containing ligands was assigned to spinallowed transitions from the main level of the complexant metal ion to an excited ligand level (chargetransfer d → π* transition) [17, 18] . The presence of bands in the region 325-370 nm in the absorption spectra of Cu(I), Ag(I), Au(I) complexes with MBI, corresponding to luminescence excitation spectra ( Sorption preconcentration of Cu(II), Ag(I), Au(III), and Pt(II) on an SiO 2 -PHMG-MBI adsorbent. The quantitative (~98-99%) recovery of MBI from an aqueous solution by silica modified with PHMG was reached in the range pH 2-8. A decrease in recovery at pH < 2 was due to the protonation of sulfonate groups of MBI and, at pH > 8, because of the competitive effect of hydroxide ions. The maximum concentration of MBI on the SiO 2 -PHMG surface, found from the horizontal section of adsorption isotherm, was 45 μmol/g. This method allows the creation of the desirable concentration of MBI on the surface of the SiO 2 -PHMG adsorbent within its sorption capacity to the reagent.
The SiO 2 -PHMG-MBI adorbent quantitatively (by ~99%) extracts Cu(II) and Ag(I) in the range pH 4-7 and Au(III), at pH 3-7. In the region 0.1-2 M HCl, Ag(I) and Cu(II) were not extracted and the extraction of Pt(II) (Fig. 4) was quantitative (99%). The recovery of Au(III) from 2 M HCl did not exceed 20%. The sorption preconcentration of Ag(I) and (Table 1) were similar to the spectral and luminescence characteristics of metal complexes with MBI in aqueous solutions. The luminescence intensity of surface complexes of Cu(I), Ag(I) attained a maximum in the region pH 4-7 and of Au(I), at pH 3-7, which correspond to pH of their quantitative extraction (Fig. 4) . For the surface complex of platinum(II), as in solutions, the dependence of luminescence intensity on medium acidity (Fig. 5 ) exhibited two plateaus: in the region of 1-4 M HCl and at pH 2-7.
To reveal the specific features of the sorption of platinum(II) from acid solutions, we recorded and compared luminescence excitation and luminescence spectra of adsorbents obtained after the sorption of a platinum(II) complex with MBI on the SiO 2 -PHMG sorbent and the sorption of platinum(II) on the SiO 2 -PHMG-MBI sorbent from 1 M HCl and a solution of pH 4. As can be seen in Fig. 6 , the shapes of luminescence excitation and luminescence spectra, the positions of their maxima, and also the luminescence intensities of adsorbents after the sorption of the platinum(II) complex with MBI from a solution on an SiO 2 -PHMG sorbent and the sorption of platinum(II) on an SiO 2 -PHMG-MBI sorbent from solutions of pH 4 and 1 M HCl are almost identical. This confirms the assumption of MBI desorption from Based on the studies performed, we developed procedures for the luminescence and sorption-luminescence determination of Cu, Ag, Au, and Pt.
Calibration dependences for the luminescence determination of metals. Portions (0.1-30 μg) of Cu(II), Ag(I), Au(III), or Pt(II), as solutions in HCl, and 1 mL of a 5 × 10 -4 M MBI solution are introduced into 20-mL graduated test tubes, HCl is added to the concentration 1 M or NaOH is introduced to pH 4, and distilled water is added to 10 mL. After stirring the solution and its storage for 5 min, 0.5-mL aliquot portions of the solution are placed in a cell, cooled to 77 K, and fluorescence intensity is measures at the wavelength corresponding to the maximum in the luminescence spectrum (Table 1) .
Calibration dependences for the sorption-luminescence determination of metals. Portions (0.1-50 μg) of Cu(II), Ag(I), Au(III), or Pt(II) as solutions in HCl are placed in 20-mL graduated test tubes with groundglass in stoppers, HCl is added to the concentration 1 M in the determination of Pt or NaOH is added to pH 4 in the determination of Cu, Ag, and Au, and the volume of the solution is brought to 10 mL with distilled water. Next, a 0.100 g portion of an SiO 2 -PHMG-MBI adsorbent with the surface concentration of the reagent 25 μmol/g is brought to the solution and the contents of the test tube are stirred for 10 min. Solutions are decanted, the adsorbent is transferred to a steel cell, cooled to 77 K, and luminescence intensity is measured at the wavelength corresponding to the maximum in the luminescence spectrum.
The performance characteristics of the results of luminescence and sorption-luminescence determination of Cu, Ag, Au, and Pt are summarized in Tables 2 and 3 .
The following elements in n-fold amounts do not interfere with the luminescence and sorption-luminescence determination of 0. Luminescence intensity, arb. units Table 2 . Performance characteristics of procedures for the luminescence determination of Cu, Ag, Au, Pt (n = 5, P = 0.95) * In the determination of metal concentrations 10 times higher than the limit of detection. The developed sorption-luminescence procedures were used for the determination of copper in natural and sewage water, silver in model solutions on the basis of mineral water, and platinum in aluminumplatinum and aluminum-platinum-rhenium catalysts.
Procedure for the luminescence determination of copper in sewage waters of galvanic production. A 2-mL portion of an analyzed water, 1 mL of a 0.2 M solution of ascorbic acid, and 1 M HCl to 10 mL are placed in a test tube with a ground-glass stopper. The solution is stirred and allowed to stand for 5 min. A 0.5-mL aliquot portion of a solution is placed in a steel cell, cooled to 77 K, and luminescence intensity at 510 nm is measured. The concentration of copper is found from a calibration dependence constructed under similar conditions. The results of determinations are presented in Table 4 .
Procedure for the sorption-luminescence determination of copper in natural waters and silver in model solutions. In the determination of copper, HNO 3 is added to 100 mL of filtered natural water to create pH 1 and the mixture is boiled within 30 min for the decomposition of organic compounds. In the determination of silver, a silver(I) solution is added to 100 mL of mineral water to silver concentrations of 0.05 and 0.2 μg/mL. Then 10 mL of a 0.2 M ascorbic acid solution and NaOH to pH 4 are added to the solution and the mixture is passed through a minicolumn containing 0.100 g of a SiO 2 -PHMG-MBI sorbent with the surface concentration of the reagent 25 μmol/g at a rate of 2 mL/min. The adsorbent is taken from the column, stirred, placed in a steel cell, and cooled to 77 K, and luminescence intensity is measured at 560 (Cu) and 515 nm (Ag). The concentration of copper and silver is found from calibration dependences. The results of determination are summarized in Table 4 .
Procedure for the sorption-luminescence determination of platinum in aluminum-platinum and aluminum-platinum-rhenium catalysts. A 0.5-g portion of a catalyst is treated by the procedure described in [19] . Then the solution of the obtained chlorides is transferred to a 100-mL volumetric flask and 1 M HCl is added to the mark. A 0.5-mL portion of a test solution Table 3 . Performance characteristics of procedures for the sorption-luminescence determination of Cu, Ag, Au, Pt (n = 5, P = 0.95) * Sorption from 10 mL of a solution. ** In the determination of metal concentrations 10 times higher than the limit of detection. is placed in graduated test tubes, and 1 M HCl is added to a volume of 10 mL. Then, 0.1 g of a SiO 2 -PHMG-MBI adsorbent is added and the contents of the test tube are stirred for 10 min. The solution is separated from the adsorbent by decantation, the adsorbent is transferred to a steel cell and cooled to 77 K, and luminescence intensity is measured at 610 nm. The results obtained are presented in Table 4 . The results were validated by comparison with the results obtained by ICP AES and, for silver, by the added-found method ( Table 4) .
The procedures for the luminescence and sorption-luminescence determination of Cu, Ag, Au, and Pt are characterized by high sensitivity, accuracy, and good reproducibility. By the attained limits of detection calculated using the 3s-test, the developed procedures are five-to tenfold better than the procedures for the sorption-luminescence determination of these metals using silicas chemically modified by thiourea derivatives, mercaptoproropyl, dithiocarbamate, and thiadiazole-thiol groups and using silica noncovalently modified by unithiol [6] [7] [8] [9] [10] [11] [12] .
